The classical low-affinity Fc␥ receptor genes (Fc␥RIIA, B, C and Fc␥RIIIA, B) 
Introduction
The region on chromosome 1q23 shows strong linkage and association with human systemic lupus erythematosus (SLE). [1] [2] [3] [4] [5] [6] Within this region, the low affinity Fc␥ receptor genes (Fc␥RIIA/Fc␥RIIB/Fc␥RIIC and Fc␥RIIIA/Fc␥RIIIB) are attractive candidates for SLE disease susceptibility. Indeed, Fc␥R play an important role in the pathogenesis of immune complex-related autoimmune diseases. [7] [8] [9] [10] [11] Polymorphisms in the ligand binding sites of both Fc␥RIIA and Fc␥RIIIA, which alter ligand binding and receptor function, are associated with SLE, [12] [13] [14] [15] [16] [17] [18] and we have recently described both linkage and association of Fc␥RIIIA locus with SLE in casecontrol and family-based studies. 19 Additional variations in the human Fc␥Rs, such as the stop codon polymorphism in Fc␥RIIC extracellular domain 1, [20] [21] [22] [23] might also play a role in SLE. However, analysis has been hampered by the very high homology among several of these genes, which is most likely the result of duplication and recombination in the evolution of this cluster. 20, 24 To assess the potential role of additional polymorphisms in the lowaffinity Fc␥Rs in SLE disease susceptibility and to assess linkage disequilibrium among them, an accurate understanding of the genomic organization of these genes within the Fc␥R cluster is essential.
Results
Studies with yeast artificial chromosomes (YAC) have indicated that Fc␥RIIA and Fc␥RIIIA are adjacent, 20 but their relationship to other low affinity Fc␥R is not clear and the physical map of this region has not been successfully assembled to date due to high homology among members of the low affinity Fc␥R family. This homology may be due, in part, to gene duplication and cross-over events during the evolution of this cluster. 20, 24 Therefore, we determined the genomic organization of this cluster using a human bacterial artificial chromosome (BAC) library (Research Genetics, release IV) and a series of gene-specific polymerase chain reactions (PCR) to identify those BAC clones containing low affinity Fc␥R genes. Fc␥RIIB and Fc␥RIIC, a product of an unequal crossover event of Fc␥RIIA and Fc␥RIIB, share high homology in their first six exons. 24 Therefore, we first identified the DNA pools containing Fc␥RIIB and/or Fc␥RIIC with pan primers to amplify exon 1 of Fc␥RIIB/Fc␥RIIC. The Fc␥RIIB/Fc␥RIIC positive pools were then tested for the presence of Fc␥RIIIB, Fc␥RIIIA and Fc␥RIIA by gene-specific PCR primers listed in Table 1 . Using this strategy, we identified five individual BAC overlapping clones that cover the low affinity Fc␥R cluster (Figure 1a ). These individual BACs were further characterized for the presence of Fc␥RIIB, Fc␥RIIC and/or Fc␥RIIA genes by PCR reactions specific for the exon 3 and intron 6 of Fc␥RIIB, (Figure 1b) .
Based on BAC clones 2 and 3, we determined the transcriptional orientation of Fc␥RIIIB and Fc␥RIIA. BAC clone 2 contains the exon 5, but not exon 3, of Fc␥RIIIB, thereby establishing that the transcriptional orientation of Fc␥RIIIB is toward the centromere. BAC clone 3 contains the intron 6, but not exon 3, of Fc␥RIIA, thereby indicating that the transcriptional orientation of Fc␥RIIA is toward the telomere (Figure 1b ). These orientations for Fc␥RIIIB and Fc␥RIIA confirm those inferred from the YAC studies. 20 The transcriptional orientation of other genes within the cluster is inferred from the YAC studies 20 and NCBI database. The BAC clones in our library have an average size of 120-125 kb with a 300 kb maximum. Two of our BAC clones contained all five low affinity Fc␥R genes. Combined with the known information about the size of the individual genes and gene intervals, we estimate that the interval between Fc␥RIIIA and Fc␥RIIC genes is less than 115 kb. This estimate is similar to the estimates based on the YAC clones that contain the Fc␥R cluster. 25 Fc␥RIIC is of particular interest because of its physical proximity to Fc␥RIIIA and because a single nucleotide polymorphism (SNP) encoding a stop codon in exon 3, which corresponds to extracellular domain 1, would have a major impact on protein expression. Fc␥RIIC, which may have resulted from an unequal crossover event between Fc␥RIIA and Fc␥RIIB, 20, 24 also demonstrates a unique cell type-specific expression by natural killer cells. 26 The 5′ portion of Fc␥RIIC from the promoter to intron 6 is very highly homologous to the 5′ portion of Fc␥RIIB. The 3′ portion from intron 6 to the 3′ UTR is very similar to that of Fc␥RIIA. There is no sequence information about the 5′ portion of Fc␥RIIB and Fc␥RIIC that can be used to distinguish the two genes and to gain insight into the very distinct cell type specific expression patterns.
26-28 Therefore, we sequenced 3.4 kb of the 5′ promoter, as well as the complete first (7 kb) and second (1 kb) introns of both Fc␥RIIB and Fc␥RIIC using our BAC clones containing either Fc␥RIIB or Fc␥RIIC. A schematic representation of the sequence variations between the two genes in the 5′ portion is shown in Figure 2 . To our surprise given the differences in expression, the two genes are nearly 100% identical in the sequenced promoter region and over 99% identical in the intron 1 and intron 2 (GenBank accession numbers HsF1 AF433951 and HsF1 AF433952). Both genes contain potential STAT The organization of the low-affinity Fc␥R genes at chromosome 1q23. The assembly order and the orientation with regard to the centromere and telomere of the Fc␥R cluster genes and the nearby genes FcRL, 46, 47 DUSP12 and ATF6 are shown. Duplication and deletion of Fc␥RIIIB have been described. [42] [43] [44] [45] The transcriptional orientation of Fc␥RIIA and Fc␥RIIIB was determined and they are in agreement with the previous studies. 20 The transcriptional orientation of other genes and the approximate sizes of the genes were inferred from the previous studies 20, 25 and the information provided by NCBI. The 158 kb assembled contig that contains Fc␥RIIB, FcRL, DUSP12 and ATF6 genes is available in the NCBI database (AL 359541). binding sites which could explain the IL4 responsiveness of Fc␥RIIB expression 29 but not the differential expression of the two genes.
The scattered sequence differences between the 5′ portion of Fc␥RIIB and Fc␥RIIC may represent SNPs common to one or both genes rather than gene specific differences. In addition to the two BAC clones specific for either Fc␥RIIB or Fc␥RIIC, we also sequenced two BAC clones containing the promoter region and first two introns of both Fc␥RIIB and Fc␥RIIC. For several sites, we found these BACs to be homozygous, rather than heteroGenes and Immunity zygous as we had anticipated for gene-specific differences. These observations suggest that some of these SNPs are polymorphic in one or both genes. This situation may also pertain to published nucleotide differences between the two genes in the NCBI database, thus raising the caution that these published SNPs may not distinguish Fc␥RIIB from Fc␥RIIC. This situation also occurs in other duplicated Fc␥R genes. For example, in the Fc␥RIII family, the potentially gene-specific difference at nt position 559 in exon 4 (Fc␥RIIIA=T/G; Fc␥RIIIB=G) is actually polymorphic in Fc␥RIIIA with a T to G transversion. 12 The SNP encoding a stop codon in Fc␥RIIC exon 3 (site 5 in Figure 3) is not found in Fc␥RIIB. Based on sequence information from NCBI, on our BAC sequencing and on Fc␥RIIC gene-specific exon 3 sequence defined in 50 normal donors, the 'G-T-C-C-T-A-C' sequence at the four intronic sites (sites 1, 2, 3, 4) and three exonic sites (site 5, 6, and 7) constitutes the Fc␥RIIC haplotype containing nt202T, the stop codon ( Figure 3 ). An eighth site at nt386 on the 'stop' haplotype had a C/T transition ( Figure 3) . The 'A-C-T-T-C-G-A' sequence at the same sites constitutes both the Fc␥RIIC haplotype encoding glutamine rather than the stop codon and the Fc␥RIIB exon 3. We have found no other SNPs in Fc␥RIIC exon 3. Furthermore, we found no SNPs in Fc␥RIIC exon 4 which encodes the ligand binding second extracellular domain (data not shown).
To establish the allele frequency of Fc␥RIIC-202T and to investigate its possible association with SLE, we sequenced Fc␥RIIC-specific cDNA obtained by RT-PCR. Among 73 normal donors, 58 were homozygous Fc␥RIIC-202T. Surprisingly, 11 of the other 15 donors appeared to be homozygous Fc␥RIIC-202C, raising the possibility that the Fc␥RIIC-202T message may be relatively unstable and thereby under-represented relative to Fc␥RIIC-202C message. Accordingly, we developed an allele-specific PCR method designed to amplify Fc␥RIIC-202T in genomic DNA template using the gene and allele-specific sites. The gene specificity was verified by direct sequencing of the PCR product. Based on this combined gen- 
Discussion
Given the important role of Fc␥R in bridging the humoral and cellular immune responses and the association of several SNPs in stimulatory Fc␥Rs with SLE, the genomic ordering and sequence information for the highly homologous Fc␥RIIB and Fc␥RIIC provide the basis for investigating genetic variation in both the stimulatory Fc␥RIIC and the inhibitory Fc␥RIIB. Fc␥RIIC is expressed on natural killer cells, and Fc␥RIIB modulates thresholds for activation and terminates stimulating signals when co-ligated with B-cell receptor (BCR) on B cells and other Fc␥ receptors (Fc␥RIIA and Fc␥RIII) on myeloid cells. 32, 33 Indeed, the balance between the stimulating and inhibiting signals has to be tightly regulated to maintain immune homeostasis, and autoimmune disorders have been observed in mice with targeted disruption of inhibitory Fc receptor in the appropriate genetic background. [34] [35] [36] [37] [38] [39] [40] Taken together, our data establish the physical relationship between the stimulatory receptors (Fc␥RIIA, Fc␥RIIIA, Fc␥RIIIB and Fc␥RIIC) and the inhibitory Fc␥RIIB. They establish a dense SNP map which will facilitate the discovery of genetic variations underlying susceptibility to autoimmune and other diseases. They indicate that the chromosome 1q breakpoint, seen for certain lymphomas, 41 may lie just telomeric to Fc␥RIIIB in the low affinity Fc␥R cluster. This observation suggests a possible recombination hot spot, given the occurrence of both Fc␥RIIIB gene deletion and duplication in humans. [42] [43] [44] [45] Importantly our data also establish, in a large population, the allele frequency for Fc␥RIIC-202C which encodes for an activating receptor expressed on natural killer (NK) cells. Expression of Fc␥RIIC may strongly influence NK activity and cell programs initiated in host defense.
Materials and methods

Donors
Anti-coagulated peripheral blood was obtained from healthy normal volunteers and from SLE patients fulfilling the revised ACR criteria for SLE. 48 The human studies were reviewed and approved by the institution review board, and all donors provided written informed consent.
Nucleic acid isolation
Human genomic DNA was isolated using the Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN, USA). Briefly, 300 l of blood was lysed in 900 l of the red blood lysis solution, the leukocytes were pelleted and lysed with 300 l of Cell Lysis Solution. The RNase A solution was added to the cell lysate and incubated at 37°C for 15 min. Proteins were precipitated by the addition of 100 l of Protein Precipitation solution. DNA in the supernatant was precipitated with 300 l of 100% isopropanol and washed once with 70% ethanol. Total RNA was isolated from 10 7 mixed mononuclear cells or Epstein-Barr virus (EBV) transfected human B-cells using TRIzol TM total RNA isolation reagent (GIBCO BRL, Gaithersburg, MD, USA). Five micrograms of total RNA was used to synthesize cDNA using SuperScript TM Preamplification System (GIBCO BRL).
Primers and conditions for the PCR reactions for screening the human BAC library
The human BAC library (release IV) was purchased from Research Genetics (Huntsville, AL, USA). The primers for the PCR reactions used to screen the human BAC library are listed in Table 1 . The DNA pools in the BAC library was first screened by PCR reaction (1+2) using pan primers for Fc␥RIIB and Fc␥RIIC exon 1; the PCR condition is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 56°C 45 sec and 72°C 20 sec, and followed by a 7 min extension at 72°C; The positive pools were then tested for the presence of (a) Fc␥RIIB gene using PCR reaction (3+4) to specifically amplify the 3′UTR of Fc␥RIIB, the PCR condition is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 58°C 45 sec and 72°C 20 sec, and followed by a 7 min extension at 72°C; for the presence of (b) Fc␥RIIIB gene using PCR reaction (9+10+11) to specifically amplify the exon 3 of Fc␥RIIIB, the PCR condition is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 58°C 45 sec and 72°C 50 sec, and followed by a 7 min extension at 72°C; for the presence of (c) Fc␥RIIIA/IIIB genes using PCR reaction (7+8) to amplify the exon 5 of Fc␥RIIIA/IIIB, the PCR condition is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 53°C 40 sec and 72°C 45 sec, and followed by a 7 min extension at 72°C. The PCR products were subsequently digested with restriction enzyme DraI or TaqI. The PCR product of Fc␥RIIIA exon 5 contains one DraI and one Taq1 cutting site while the PCR product of Fc␥RIIIB exon 5 does not contain DraI or TaqI cutting site; for the presence of (d) Fc␥RIIA/IIC genes using PCR reaction (5+6) to amplify the cytoplasmic tail of Fc␥RIIA/IIC, the PCR condition is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 58°C 45 sec and 72°C 30 sec, and followed by a 7 min extension at 72°C. The individual clones were further tested for the presence of Fc␥RIIA/IIB/IIC gene using gene-specific PCR reactions (12+14, 13+14, 15+16, 19+20, 19+18, 17+18 ) to amplify the exon 3 and intron 6 of Fc␥RIIB, IIC and IIA genes, the PCR reaction condition for Fc␥RIIB/IIC exon 3 is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 58°C 45 sec and 72°C 30 sec, and followed by a 7 min extension at 72°C, the PCR reaction condition for Fc␥RIIA exon 3 is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 53°C 30 sec and 72°C 30 sec, and followed by a 7 min extension at 72°C, the PCR reaction condition for Fc␥RIIA/IIB/IIC intron 6 is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 57°C 30 sec and 72°C 1 min 30 sec, and followed by a 7 min extension at 72°C.
RT-PCR and cDNA sequencing
To facilitate heterozygote detection, the strategy of direct sequencing of RT-PCR products was adopted for fluorescence-based automated cycle sequencing on an ABI 377 (ABI PRISM BigDye TM Terminator Cycle Sequencing Ready Reaction Kits; Applied Biosystems, Foster City, CA, USA). For Fc␥RIIC RT-PCR, sense primer 5′-AGGGAGTGA TGGGAATCCTGTCATT-3' anneals to nucleotide position 26 to position 50, and antisense primer 5'-GTTATTACTGTTGACATGGTCGTT-3′ anneals to position 979 to position 1002 of Fc␥RIIC mRNA (GenBank accession number X17652). The PCR reaction was performed in a 9600 PCR System with 2l of cDNA synthesized using SuperScript TM Preamplification System (GibcoBRL), 200 nM of each primer, 200 M of dNTPs, 1.5 mM of MgCl 2 , and 2.5 U of Taq DNA polymerase in a 50l reaction volume starting with 95°C for 5 min, 35 cycles of denaturing at 94°C for 30 sec, annealing at 56°C for 45 sec, extension at 72°C for 1 min with a final extension at 72°C for 7 min. The PCR product was purified using QIAquick Gel Extraction Kit (QIAGEN, Chatsworth, CA, USA). All PCR products were sequenced in both directions.
Gene and allele-specific PCR to amplify Fc␥RIIC-202T
We developed a gene and allele-specific PCR to amplify Fc␥RIIC-202T (the stop codon allele) using genomic DNA template. The sense primer is 5′-GGCTGTGCTGAAACTGGAGACCT-3′. The antisense primer is 5′-GAGATTCCCATTGTGGACCTACG-3′. The PCR condition is as following, 95°C 5 min, 35 cycles of 94°C 30 sec, 56°C 30 sec and 72°C 10 sec, and followed by a 7 min extension at 72°C. The gene specificity was verified by direct sequencing of the PCR product.
